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Introduction 
Solid particles flowing into (or within) the core 
of a nuclear reactor can block one or more sub-
channels of a fuel assembly. As they do not af-
fect substantially the outlet conditions (temper-
ature, pressure), they can go unnoticed by the 
global instrumentation. However, they lead to 
local heat transfer degradation and the corre-
sponding increase of the cladding tempera-
ture. Under certain conditions, depending 
among others on the size, location and poros-
ity of the blockage, this can result in local fuel 
cladding failure. Thus, a deep understanding of 
the formation and main characteristics of these 
blockages is essential for the development and 
safety assessment of innovative reactor con-
cepts based on heavy liquid metal coolant, i.e. 
with particles, that have usually lower density 
than the coolant. 
Former intensive test programs on particle for-
mation in sodium and water-based systems 
[1], [2] cannot or can only limited be transferred 
to heavy liquid metal (HLM) cooled reactors, as 
they are based on particles with higher density 
than the coolant [3]. For this reason, dedicated 
experiments with the proper density ratio are 
mandatory. 
For these tests, a 19-pin hexagonal fuel bundle 
mock-up in a transparent flow channel sub-
jected to a water flow seeded with buoyant par-
ticles of relevant density, size, shape and wet-
ting properties has been set up at the 
Karlsruhe Liquid Metal Laboratory correspond-
ing to the dimensions of the Lead-Bismuth 
(LBE) cooled MYRRHA research reactor pro-
jected in Mol, Belgium. 
The nature of the blockage as well as the for-
mation is characterized by optical measure-
ments, supplemented by flow rate, pressure 
drop and temperature measurements. For the 
handling of the particles, both an injection (up-
stream of the test section) and extraction 
(downstream) subsystem has been imple-
mented into the existing facility. The density ra-
tio liquid/particle was to fulfil the applicable 




The KALLA water loop was originally used for 
water rod bundle experiments in the framework 
of EU-Project DEMETRA. A complete descrip-
tion of the experiments and the loop design can 
be found here [4]. 
The maximum flow rate of the loop is 130m³/h 
with a pressure head of 14.7 bar. The active 
loop inventory is 80l, the maximum total inven-
tory is about 8m³. The loop is equipped with a 
heat exchanger to keep a constant fluid tem-
perature and a cleaning system to remove 
used particles. Due to the PMMA test section 
the temperature is limited to 50°C. The flow 
rate is measured by a commercial flow-meter. 
 
Rod bundle test section 
The geometrical details of the 19-pin rod bun-
dle for the blockage formation and growth ex-
periment is shown in Figure 1, the comparison 
between the experimental setup and the con-
ditions in the MYRRHA reactor rod bundle in 
Table 1. A detailed figure and a picture of the 
test section including the particle injection is 
given in Figure 2. 
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Figure 1: Water rod bundle geometry 
Table 1: Geometric parameters used for the test section 




Figure 2a: Detailed drawing of the foot part of the test 
section with the particle insertion (left) and the optical 
parts of the MYRTE test section (right). 
 
Figure 2b: Picture of the mounted test section 
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Instrumentation 
The PMMA housing offers direct optical access 
to the blockages through the PMMA casing of 
the rod bundle. However, this access is re-
stricted to the outer sub channels only as 
shown in Figure 3. 
 
Figure 3: Picture of a blockage in the wall sub channel 
through the PMMA casing 
 
The blockages of the inner sub channels are 
optically detected by an endoscope that is in-
serted in one of the PMMA tubes of the rod 
bundle as depicted in Figure 4. As the endo-
scope is equipped with it's own light source, 
further illumination of the investigated part of 
the rod bundle is not necessary. 
The use of this endoscopic system is a result 
of a comparison of different measurement 
techniques for the detection of the expected 
blockages by J. Biernath in his Master thesis 
[5]. It turned out that acoustic measurements 
are not suitable for this experiment as the com-
plicated movement of the UDV (ultrasonic dop-
pler velocimetry) sensor heads and the ex-
pected interference signals prohibit a reliable 
detection of the blockage. From the optical 
measurements the endoscope was the easiest 
and most reliable option. 
 
 
Figure 4: Scheme of an endoscope inserted into the 
rod-bundle mockup for blockage investigation (top) and 
a detected particle (bottom) 
 
Experiments 
For the blockage experiments, polypropylene 
particles with the density of 0.946g/cm³ were 
used to simulate possible blockage formation 
of Lead oxide in LBE as the density ratio is very 
similar as shown in Table 2. 
Table 2: Density of blockage material for the experiment 
 
In total 4 different experimental series have 
been performed with particle sizes from 1.5mm 
to 4.0mm diameter: 
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 particles that cannot pass the pin fixer fol-
lowed by smaller particles 
 particles that pass the pin fixer but are 
likely to get stuck in the sub channel 
 high amount of irregular shaped particles 
that get stuck at the pin fixer and cause a 
noticeable pressure loss 
 one pre blocked sub channel and small 
particles that should not cause a blockage 
formation. 
The first experiment of the series is presented 
in this report where in 3 steps 180 particles with 
3.0mm diameter followed by 70 particles with 
2.0mm diameter were inserted into the flow up-
stream the rod bundle test section. 
 
Insertion of 20 particles with 3.0mm 
diameter 
Figure 5 shows the test section after insertion 
of the first 20 particles (black spheres). Most 
particles are captured in the pin-fixer as the di-
ameter is too big for the inner sub-channels. 
One particle passed the pin fixer and finally 
was captured in a wall sub channel. During the 
20 minutes of insertion the flow rate decreased 
by 3% and the pressure loss of the test section 
increased by 1%. None of the particles was 
able to pass the test section. 
 
Figure 5a: 19 particles of 3.0mm diameter in the pin 
fixer  
 
Figure 5b: One particle in a wall sub channel 
 
Insertion of 160 more particles with 
3.0mm diameter 
During the second run, 160 more particles 
(white spheres) of 3.0mm diameter are in-
serted into the primary flow. Again, most parti-
cles are captured in the pin-fixer and a small 
fraction of 15 particles go into the wall sub 
channels. In total 3 wall sub channels are af-
fected and blockages with an axial extension 
of up to 9 particles are visible as shown in Fig-
ure 6. Further decrease of flowrate and in-
crease of pressure loss is depicted in Table 3. 
 
Figure 6a: Insertion of 160 more 3.0mm particles. Pin 
fixer 
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Figure 6b: Insertion of 160 more 3.0mm particles. Af-
fected wall sub channels 
 
Insertion of 70 particles with 2.0mm 
diameter 
After the pin fixer and the wall sub channels 
have been blocked with a total of 180 particles 
with 3.0mm diameter, the blockage was 
probed with the insertion of particles with 
2.0 mm diameter.  
Most of the smaller particles are captured in 
the pin-fixer by the present 3.0mm particles. 4 
particles moved into a pre-blocked wall sub 
channel and 1 particle was able to enter an in-
ner sub channel and got blocked there. This is 
shown in Figure 7. During the complete run, a 
further flow rate decrease and pressure loss in-
crease was measureable and is shown in Ta-
ble 3. After the run, the complete test section 
was dismounted, cleaned and investigated. No 
particle was able to pass the test section. The 
set up of the experiment as well as the com-
plete 1st run was part of a Bachelor Thesis and 
is described more detailed elsewhere [6]. The 
other experimental runs are also described in 




Figure 7: Insertion of 2.0mm particles in green into the 
pre-blocked test section. Pin fixer (top), wall sub chan-
nels (middle) and inner sub channel (bottom) 
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Table 3: Flow rate and pressure loss during the first ex-
periment 













 1,5%  9% 2,5% 13% 
 
Concluding remarks 
The 4 performed experimental series show 
some predictable but also some new results 
and insights into the blockage formation in wire 
wrapped rod bundles. 
The first experiment, a blockage using 3.0mm 
particles that attach at the pin fixer and the wall 
sub channel followed by smaller 2.0mm parti-
cles shows that even with 180 particles not all 
sub channels are blocked and still smaller par-
ticles can pass by. However, they are very 
likely to attach to the existing big particles. The 
changes in pressure loss and flow rate are 
even for this large amount of particles very low. 
The second experiment was a blockage using 
2.0mm particles that theoretically should be 
able to pass the pin fixer and the test section. 
In contrast to the geometrical preconditions  
several blockages with almost half of the in-
serted particles was observed. 
The third experiment was a blockage using a 
huge amount of particles that mainly blocked 
the pin fixer but also formed large axial ex-
tended blockages in the wall sub channels. 
Here, a high influence on flow rate and pres-
sure drop was detected. 
The fourth experiment was the use of small 
1.5mm particles that easily should pass the pin 
fixer and the test section but could attach to an 
existing blockage. Here, it was observed that 
on the one hand they form temporary block-
ages that disappear and on the other hand, 
that no particle attaches to the existing block-
age even as the particles were inserted into the 
same sub channel. 
Finally we can conclude from the experiments: 
 Most of the measured blockages have a 
quite small axial extension.  
The probability of blockage agglomeration 
with a large axial extension is not very high 
as the particle size must be large enough 
not to be able to follow the enhanced 
crossflow upstream the blockage on the 
one hand but also must be small enough 
to meet the geometrical restraints at the 
pin fixer to enter the sub channel. 
 All particle sizes from 1.5mm form block-
ages 
 Existing Blockages enhance crossflow 
and reduce agglomeration of small parti-
cles 
 1.5mm particles are able to follow the sub 
channel crossflow, the 2.0mm particles 
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